Surface integrity has significant effect on service performance of a component. The surface integrity of workpieces submitted to grinding process depends on the conditions of cooling produced by cutting fluids, which are used to avoid microstructural damage in the process. However, cutting fluids are harmful to the environment and human health, and appear as a crucial element to the optimization of the manufacturing process. In this scenario, biodegradable cutting fluids, such as formulations based on vegetable oils, appear as promising possibility to a cleaner production in grinding process. This study analyzed the surface integrity of AISI 4340 steel, quenched and tempered, in the external cylindrical plunge grinding process with the use of six different formulations of biodegradable cutting fluids (with oils of soybeans, corn, and mineral oil, pure and with additives). The performance of the application of cutting fluids was evaluated by characterizing the microstructure by Scanning Electron Microscopy -SEM and microhardness and roughness measurements. The results showed that the surface integrity of the components was not significantly damaged, which proves the efficiency of biodegradable cutting fluids and feasibility of its use in grinding process.
Introduction
Lubricants are widely used in all sectors of industry for cooling and lubricating the tool and work-piece interface in order to enhance machinability, as well as flushing the debris originated on the abrasive process 1, 2 . Despite the great importance of the use of cutting fluids in machining processes, this use also brings serious disadvantages, such as ecological and environmental problems, leading research works in the last decades to reduce the use of synthetic lubricants 2, 3 . Recently, biodegradable lubricants have been gradually replacing the synthetic ones. Biodegradable cutting fluids that accomplish the lowest amount of environmental contamination can provide high reliability and satisfactory economic conditions. Additionally, the output of bio-based cutting fluids is cleaner and contributes less mist in the air, subsequently minimizing the occupational health risks 1 . Although bio-based (vegetation) cutting fluids are not perfect in all aspects, they have the least negative impact on the environment compared to other cutting fluids 4 . Conventional cutting fluids, which have low prices, suffer from several remarkable disadvantages that restrict their applications in machining processes. Using these fluids for several times can usually induce chemical changes in their properties, even microbial toxins can be generated by bacteria and fungi present in such fluids, especially in water-soluble cutting fluids 5, 6 . On the other hand, using a cutting fluid for several times can lead to the oil and chip contamination, and therefore, this contamination in combination with the chemical changes can reduce the performance of the cutting fluid and may have adverse impacts on the environment 5 . Machining industries concern for development of preventive legislation and the increased interest in almost green products reduce the soil pollution by biodegradability which make the manufacturing processes a clean process. Vegetable oil-based cutting fluids seem to be the best alternatives to mineral oil-based cutting fluids due to certain inherent chemical properties and their biodegradability ability. Biodegradability is the main aspect with respect to environmentally friendly. Biodegradable substance is susceptible to biochemical breakdown by the action of micro-organism
Grinding is one of the most important machining processes once it allows achieving high processing quality and surface integrity, which motivates its application in the production of parts with strict dimensional tolerance and low roughness 8, 9 . Grinding employs a higher unit grinding force and grinding speed than other cutting processes and therefore involves a significantly higher grinding energy. Most of this energy is converted into thermal energy. This thermal energy has different distribution patterns from other cuttings. Most grinding heat (approximately 80%) is transferred into the workpiece 10 .
The grinding process involves the contact of the workpiece surface and the irregular abrasive grains scattered on the grinding wheel 8, 11, 12 . This interaction, in addition with the high grinding speeds involved, causes temperature rise at the workpiece/wheel interface, which may compromise the surface microstructure of the components. If the temperature values exceed acceptable levels, thermal damage ad residual stress may occur, thus compromising the ground surface and sub-surface integrity by cracking, microstructural alterations, generating dimensional inaccuracy, in addition to rapid oxidation and corrosion 13, 14 . High temperatures in the grinding process also has significant influences on the grinding property of abrasive grits, which may directly decrease the service life of the grinding wheel 4, 9, 12 . Many works reports a relation between the surface integrity of machined components and their functional performance, regarding tribological properties, fatigue strength and stress corrosion cracking resistance 4, 15, 16 , justifying the importance of improving the different cooling technologies applied in grinding process to reduce thermal damage and the problems that affect the surface quality of components. The gathered heat leads to high temperature, and without the lubrication and cooling effect of the grinding fluid, the grinding wheel wears seriously, and the workpiece precision and surface integrity deteriorate 17 . Mineral oil based cutting fluids is the most common type of lubricant used in metalworking industry. Although, this enormous use of petroleum based oils is undesirable due to its toxicity and negative health and environment impact they cause 18, 19, 20, 21, 22 . There is a global trend to reduce the use of such oils, using as an alternative the environmentally friendly cutting fluids, such as oils of vegetable origin. Recently many researchers have focused their work on the use of cutting fluids of biodegradable origin in various machining processes, reporting promising results 18, 19, 21 . However, few works deals with the use of pure and low-cost vegetable oils, such as soybean and corn oils, in severe machining processes, such as grinding. The majority of researches involve the use of cutting fluid formulations containing biodegradable oils added to a mineral based cutting fluid. In this context, the purpose of this study is the microstructural characterization of the surface of specimens of AISI 4340 hardened steel, submitted to grinding process with different formulations of biodegradable cutting fluid, including the use of pure vegetable oils, evaluating surface integrity of components. AISI 4340 steel is widely used in industry, especially for applications of machine part-members. This steel combines excellent levels of strength and toughness, besides the ability to vary mechanical properties by heat treatment 23, 24 , which turns this steel a good candidate for surface integrity and microstructural changes evaluation after its submission to the thermal cycle of the grinding process. The evaluation consisted of roughness measurements, microstructural analysis in a Scanning Electron Microscope (SEM) and microhardness profile measurements to complement the results observed in the micrographs.
Materials and Methods
For the tests performed in this study, cylindrical specimens of AISI 4340 steel quenched and tempered, with an average hardness of 52 HRc have been made. The pre-defined dimensions were 37 mm diameter and 42 mm long machined.
The tests were performed in a universal cylindrical grinding (TosHostivar, 9kW), and conventional grinding wheel of aluminum oxide (Al 2 O 3 -Ø350 x Ø127 x 50.8 mm -FE 38A60KV). The machining conditions were chosen to simulate the real conditions of a grinding operation. Table 1 shows the parameter specifications. At the end of the grinding it was possible to obtain a reduction of 7.2 mm in diameter of the specimens.
The cutting fluids used in grinding were: mineral oil Mecafluid 14SC Petronas, paraffinic base, containing additives suitable for general cutting operations; and vegetable oils of soybeans and corn, purchased in Brazilian market.
To create the formulations were used: extreme pressure additive Liovac 580, cooling agent Liovac PLO, and antioxidant Naugalube 438-L. Table 2 presents the formulations of cutting fluid used in the tests.
Three specimens were grinded for each formulation of cutting fluid shown in Table 1 , totaling 21 pieces machined by the end of the tests.
The roughness was defined by the amplitude parameter Ra, according to JIS B 0601-2001
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; cut-off of 0.8 mm was used. The measurements were made with a roughness tester Mitutoyo, model SJ-301. The roughness was measured at four radial positions equidistant to 90° approximately. Subsequently the average and standard deviation of the results were calculated.
To characterize the microstructure of the surface of the grinded parts and check for possible damage in the surface caused by thermal and mechanical stresses occurring for each condition of cooling investigated, a microstructural analysis was performed using scanning electron microscopy.
The specimens that showed the roughness value closest to the average in each condition of cooling were chosen for microstructural analysis, beyond the sample without grinding, totaling eight samples analyzed. The samples were removed through a cut in the cross section of the test specimen and subsequently embedded in acrylic autopolymerizing so that the cross section was exposed for grinding. After embedding, the samples were abraded with sandpapers of different particle sizes (220, 320, 400 to 600 mesh) and polished on a polishing machine with diamond slurry for metallographic polishing with particle size of 3 μm and 9 μm. All samples were chemically attacked using 3% Nital. The scanning electron microscope used was 550 SSX Superscan -Shimadzu, where 1000x magnifications were performed. In order to complement the microstructural evaluation of the parts surface, Vickers microindentation hardness measurements were taken to obtain the microhardness profile of the samples. The measurements were carried out using a Vickers microindentation hardness tester Shimadzu model HMV2 following the ASTM E-384-99
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. Samples evaluated in microindentation hardness tests were taken from the same specimens evaluated in the SEM. Metallographic preparation consisted of grinding on sandpaper particle size from 400 to 600 mesh and subsequently polishing with diamond slurry for polishing metallographic with particle sizes of 3 µm to 9 µm. After polishing the surface of the samples had a plane with a length between 3.5 mm and 4.5 mm.
The load applied in each test was 300 gf for a period of 15 sec. During the tests 10 measurements were taken in two different regions of the samples, to obtain microhardness values at different depths in sub-surface part. The first line of indentation was made with a distance of 3.0 mm from one end of the sample and the second with the same distance from the other end. The ten indentations in each row were made at a distance of 0.1 mm between one indentation and another, and 0.1 mm over the edge of the polishing plane created, as shown in the diagram of Figure 1 (a) . Measurements of the same piece but not passed through metallographic preparation were also made, for the value of hardness at a depth 0, at the surface. Figure 1 (b) shows the side view of the plan made in polishing and geometric relations to calculate the depth of indentation.
In figure 1 (b) , P represents the depth and D is the distance between the indentation and the edge of the plane. By the Pythagorean Theorem, there are the equations 1 and 2:
By observing figure 2 , there is the equation 3: Using equations 1, 2 and 3, and standardizing the value of the radius as 15 mm and the plane created with a length of 4 mm, was possible to calculate the depth (distance from the original surface) where each measurement was performed. The value of the depth measurements ranged from 13.0 μm to 100.3 μm.
Results and Discussion
The average values of roughness, assessed by Ra parameter are shown in Figure 2 .
It is noticed that the roughness values found in the specimens machined with different conditions of cooling were similar, with the exception of grinding with 100% corn oil and Mix 2, which showed higher values of roughness. Roughness values of all tested samples, although, are within the acceptable range, since Ra parameter in grinding processes is between 0.2 and 1.6 μm 25 . Cutting fluids which provided parts with a lower roughness were Mix 1 and Corn oil 5, which shows the best efficiency of corn oil with additives when compared to the mixture of such oil with mineral cutting fluid, although the behavior observed for soybean oil is the opposite: the cutting fluid performance was better with soybean oil blended with mineral oil than soybean oil with additives only. The similarity between the surface roughness of the grinded samples with some of biodegradable formulations and the surface roughness of the samples grinded with mineral oil reveals the potential of vegetal-based cutting fluids as substitutes for mineral-based oils. These observations are in line with the results obtained by Wang et al 17 , where it was found that grinding operations with vegetable oils promote good surface quality, which is directly related to the roughness of the component 17 . Figures 3-6 shows the microstructures of the samples analyzed by SEM in order to investigate possible microstructural changes resulting from damage to the material sub-surface due to thermal and mechanical stresses inherent to grinding process. It is observed presence of martensite dispersed on the surface of all grinded samples. The sample which was not submitted to grinding, besides presenting some superficial cracks, showed a martensitic microstructure less acicular and more diffuse than the others. All used formulations of cutting fluids behaved effectively, since the changes in microstructure (martensite formation on the surface) are expected in the grinding process and does not lead to damage the surface integrity of the pieces. The micrograph of the sample whose appearance more resembles the appearance of the micrograph of the sample grinded with mineral oil was the one grinded with Mix 1 cutting fluid formulation. A martensitic microstructure more acicular can be associated with a higher tetragonality of martensite, which is related to the higher carbon content in solution. Jermolajev et al 11 observed, through X-Ray diffraction analysis, that matensite tetragonality increases considerably in rehardened regions, so regions that have undergone superficial alterations in the microstructure during grinding process, which is in agreement with the observations made by SEM analysis of the samples, revealing a martensitic microstructure more acicular after grinding. Figure 7 shows the values of Microhardness x Depth of the samples submitted to grinding in different conditions of cooling, and the sample without grinding. Microhardness values found are associated with the dissipation of heat and cooling rate of the specimens, because the temperature and cooling mode are determining factors in defining the obtained microstructure. By analyzing the graph it is observed that there are variations in hardness between the surface and sub-surface of all samples. Variations in the sub-surface are very small and do not present a standard of change with depth, thus the variations may be associated with the presence of a carbide at the site of indentation causing changes in values. The greatest variation between the surface and sub-surface was observed in the sample grinded with corn oil, possibly showing that cooling was not completely effective. The lowest microhardness values on the surface than in the sub-surface on grinded sample may be associated with inaccurate measurements due to its surface curvature. The microhardness values of the samples submitted to grinding were higher than the values of the sample not grinded, which is consistent with the microstructural analysis, which showed the presence of a martensitic microstructure more acicular in the grinded samples in comparison with the sample not grinded. Silva et al. 27 evaluated the microhardness of AISI 4340 submitted to grinding with conventional cutting fluid and found the same observations: the sample not grinded presented lower values of microhardness than the sample submitted to grinding process. The authors also verified that after grinding with MQL technique the samples presented loss of superficial hardness, which can be related to carbon diffusion in martensite associated to the inefficiency of cooling of lubricant 27 . As the samples grinded with the different formulations of cutting fluids did not presented loss of superficial hardness, we can infer that all the biodegradable formulations of cutting fluids were efficient during grinding of samples. A slight variation of microhardness in the other samples is also consistent with the micrographs, which showed martensite evenly distributed in the parts sub-surface.
Conclusion
The roughness measurements proved that grinding with the formulations of cutting fluid 100% Soybean Oil, Soybean Oil 5, Mix 1, Corn Oil 5 and Mix 2 were effective and have not been detrimental to the surface quality of parts, since the Ra roughness values found were close to those found in parts grinded with mineral oil.
The results of scanning electron microscopy and microhardness were consistent and demonstrated that there were not microstructural alterations different from the already expected alterations in grinding process regarding the use of cutting fluids. Microstructural analysis has shown that the use of biodegradable formulations of cutting fluids do not adversely alter the surface of the grinded parts.
In general, it is observed with the results that the soybean oil and Mix 1 formulation (containing mineral oil and soybean oil with additives) has high potential as a cutting fluid in grinding process, since the roughness, microstructure and microhardness evaluation were consistent with the results observed in the sample grinded with mineral oil. The positive results regarding the use of pure soybean oil in grinding process are promising, since it is a low cost, non-toxic and easily accessible possibility of cutting fluid.
